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ABSTRACT OF THESIS

APPLICATION OF A NOVEL
VENTILATION NETWORK SIMPLIFICATION ALGORITHM
Ventilation network analysis is an integral part of maintaining a safe mine environment.
Despite its important role, liberties are often taken with the representation of networks in
ventilation network analysis software. In order to provide an alternative to heuristic
methods used by ventilation engineers, a simplification algorithm has been developed. This
algorithm is designed to work as a compliment to ventilation software. Comparisons of
original ventilation networks and simplified networks show little to no change in fan
operating point. The program utilizing this algorithm provides an alternative to reducing
networks with a parallel factor. It can also be used in conjunction with parallel factor to
achieve better results. The equivalent networks produced by the algorithm are also
reversible. Demonstrations of this feature show its applicability in practical situations.
KEYWORDS: Ventilation Networks, Mine Ventilation, Numerical Modeling, Network
Reduction, Health and Safety
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CHAPTER 1. INTRODUCTION
Ventilation networks describe the movement of air in all underground mines.
These networks are a system of interconnected airways, which are often represented as a
schematic where each line represents a single airway or a group of openings that function
as a single airway. These lines are commonly known as branches. Any point where the
branches connect is known as a junction or node.
The planning of airflows, locations and duties of fans, and other ventilation
controls are vital parts of any underground operation (McPherson, 1993). Network
analysis plays a large role in the planning process. Network analysis is the process by
which elements of a ventilation network are predicted. Elements of interest include
resistances, airflow distributions, fan configurations and network structures. The analysis
of ventilation networks is a crucial part of maintaining a safe working environment for
miners. Understanding the flow of air throughout a mine enables engineers to properly
direct the necessary quantity of fresh air to working areas of the mine. Maintaining the
proper quantity of air in a mine ensures proper dust management and dilution of any
dangerous gases. Network analysis also allows engineers to simulate the effect of
ventilation controls and determine how to efficiently use the fresh air.
Simple networks can be studied using analytical methods by solving for
equivalent resistances or by the direct application of Kirchhoff’s laws. Kirchhoff’s laws,
originally based on electric circuits, state that the airflow quantity entering a junction is
equivalent to the airflow quantity exiting, and that the pressure drop around any closed
loop must sum to zero. Both methods present problems, as the size and complexity of the
ventilation network increase, which often require computer assistance to solve.
Prior to the mid-1950s, quantitative ventilation planning could not be done
practically. At the time, much of the planning was based on assumed airflows or purely
the experience of the ventilation engineer, as solving complex networks analytically was
difficult and time consuming. In 1953, a manually-operated, electrical network calculator
was designed to reduce the duration of network analysis calculations (Scott et al., 1953).
Following this development, the former United States Bureau of Mines (USBM)
employed this technology, which lead to the development of another method of network
analysis, ventilation simulation programs for digital computers (McElroy, 1954;
McPherson, 1964; Wang & Hartman, 1967).
These ventilation software programs used numerical methods to solve the
complex networks of interest. The most widely used method is the Hardy Cross
technique, an iterative procedure that uses principles of Kirchhoff’s laws to solve nonlinear equations associated with airflow (Cross, 1936). Other methods have been used but
are less reliable than the Hardy Cross technique; however, they all have limitations.
Today, commercial ventilation software such as Ventsim, VNet, VUMA, and
ICAMPS are used for ventilation network analysis. Each software is discussed in the
1

following text. General information about the software, including the calculation
technique is included, as well as the software’s status as working with ventilation-ondemand applications. VOD describes a method of only sending air to areas of the mine
where it is necessary, Eliminating the excess air directed to unoccupied parts of the mine
could greatly reduce energy usage and cost.
In the work presented, several of the software were used in conjunction with the
simulation algorithm. There is a presumption that the smaller the network the faster the
calculation engine will solve the network.
Howden’s Ventsim is a 3D network software capable of steady-state and dynamic
airflow simulations as well as calculation of airflow quantities, pressure drops, and
resistances (Şuvar et al., 2012). These calculations are based on the Hardy Cross method
although the newest version, as of this text, has a non-linear solver. This software also
offers fire, contaminant and financial optimization simulation. A companion software
Ventsim Live has the ability to monitor input in real time for ventilation-on-demand
simulations (Zhang & Suo, 2016).
VNet is one of the original commercial 3D ventilation software developed by
Mine Ventilation Services (MVS), now SRK International. VNet also uses the Hardy
Cross method to calculate airflow properties and functions. There is a companion
software that has fire and contaminant simulation capabilities, based on NIOSH’s
MFIRE. VNet is also capable of real time airflow simulation, enabling it to be used to
simulate VOD (Ruckman & Prosser, 2010).
VUMA is a 3D ventilation network solver developed by BBE Group in South
Africa that also implements the Hardy Cross method. This software manages airflow,
contaminant, and heat simulations. VUMA’s companion software VUMA-live is a realtime software that can predict and visualize workplace conditions. This software’s ability
to assist in the active control of ventilation and cooling systems designates it as a top
contender for VOD simulations.
Ohio Automation’s Integrated Computer Aided Mine Planning Software
(ICAMPS) MineVent software modules use expanded versions of the Hardy Cross
method to calculate airway properties in ventilation networks. It also uses a second
calculation engine called the Gradient method. MineVent runs entirely inside of
AutoCAD. ICAMPS also contains MineFire, another AutoCAD application that offers a
graphical user interface to the National Institute of Occupational Safety and Health
(NIOSH) MFIRE software (Ohio Automation, 2007). This module simulates the effect of
mine fires. ICAMPS cannot simulate airflow in real time and is not considered a
candidate for VOD simulations.
Being able to solve larger more complex networks is one of the main advantages
of ventilation network analysis software. Today, users can input networks without first
reducing them with analytical techniques; however, this can be tedious. In mines with
repetitive layouts such as coal mines, hundreds of stoppings exist, allowing leakages from
2

one branch to another. A leakage is any air that fails to make it to its intended destination.
Past modeling of ventilation networks often ignored leakages or incorporated them into
the model with an educated guess. Although a collection of measured friction factors has
reduced the need to guess, assumptions are still made when modeling these repetitive
mines (Oswald et al., 2008). The parallel factor technique is a method of using this
assumption to simplify a ventilation model. This technique simplifies ventilation models
by expanding the resistance of one airway to represent multiple airways in a single
branch. While parallel factor can greatly reduce the size of a model, it is limited to
parallel structures. It cannot be applied to complex structures such as a wye. Another
major drawback of using parallel factor is that once an assumption on friction factor or
resistance is made, the true values of the airways reduced are not retained in the model.
Unlike simple series and parallel reductions, which can be reversed quite easily, this
assumption makes the reversal of parallel factor an impossibility.
The simplification algorithm presented in the following chapters provides a means
to solve circuits with structures more complex than series and parallel connections,
reducing the importance of the limitations of the software’s solving method and
providing an alternative to parallel factor that requires no assumptions. The program
developed using this algorithm is also capable of reversal, allowing the user to access the
original values of the model.
1.1

Structure of Thesis

The following thesis is composed of three technical papers intended for
publication, one of which is currently under review. Therefore, the chapters within this
thesis are structured as follows:
Chapter 2 introduces the mathematical basis for the simplification
algorithm. The method is demonstrated on increasingly difficult hand-solvable
networks to show that the simplified network is the same as the original
network. A realistic model scenario is also shown.
Chapter 3 discusses a commonly used method of network simplification in
many of the commercially used software applications. This method is
compared with the numerical simplification method introduced in Chapter 2.
This paper presents how both the simplification method and parallel factor
method can be used simultaneously.
Chapter 4 presents the reversal capabilities of the algorithm mentioned in
Chapter 2. This attribute is demonstrated in a scenario involving a handsolvable network. Another application of the simplification method is
presented in a fire simulation using the NIOSH MFIRE program.
An independent chapter for the literature review is not included with this thesis, as
this content is dispersed throughout the collection of technical papers. Given that the

3

following thesis is composed of a series of technical papers, coupled with thesis
formatting, there may be a repetition of information and overlap in analysis.

4

CHAPTER 2. A METHOD FOR NETWORK SIMPLIFICATION
2.1

Credit Authorship Contribution Statement

Caitlin V. Strong: Model Creation and Analysis, Writing – original draft. Steven
Schafrik: Conceptualization, Resources, Supervision, Writing – review and editing.
Charles Schlosser: Conceptualization and development.
2.2

Abstract

Mine ventilation systems can be represented and analyzed as networks of
interconnected and idealized components. These networks are governed by Kirchhoff’s
current laws and the Atkinson equation, which yields a system of non-linear equations
representing air pressure, flow, and other quantities of interest. Numerical methods to
solve these systems vary in computation time and ability to consistently converge to a
feasible solution. In each of these methods, the computation time and convergence
behavior can be improved by simplifying the ventilation network of interest. Testing
shows that mine ventilation networks can be reduced to a simplified and equivalent
network, consisting of fewer branches and junctions, which reduces the time and
computational resources needed for a solution. Comparisons of the original networks and
the simplified networks show little to no change in the fan operating point. The simplified
models provide insight into how the methodology will perform with complex mine
models and real-world scenarios.
2.3

Introduction

The movement of air in all underground mines is described by ventilation
networks. These networks are often represented as a schematic where each line represents
a single airway or group of openings, which behave as a single airway (McPherson,
1993). These lines are commonly known as branches. The points where branches connect
are known as junctions or nodes.
Most ventilation software products use the Hardy Cross method to solve
ventilation flow networks. The algorithm uses principles of Kirchhoff’s current laws to
iteratively solve non-linear equations associated with air flow. With this method, an
initial guess for the flow in the network is assumed before calculating pressure losses
around the loops in the network. Corrections are then made to each loop until an
acceptable solution is reached. The Hardy Cross method is favored for its simplicity and
forgiveness for poor initial flow estimates, but it shows weakness in its convergence
performance for large networks (Stewart et al., 2019).
Other techniques, such as the Newton-Raphson method, are also applicable to the
same situations. Like the Hardy Cross method, the Newton-Raphson technique iteratively
corrects an initial guess until a solution is reached. However, the Newton-Raphson
method requires calculating a gradient, or Jacobian, at each iteration or operating point
5

(Sereshki et al., 2016). Although it has a very fast convergence rate, this method is
limited by the high cost of calculating the gradient and its tendency to fail unless the
starting value is close to the true solution. This method may fail due to division by zero.
The Linear Theory method is also commonly used in ventilation network analysis.
This method consists of a set of non-linear equations, which are then solved by iteration.
It differs from the Hardy Cross and Newton-Raphson methods in that it does not require
initial values. This proves useful for large networks where errors in the initial guess can
result in divergence from a solution (Sereshki et al., 2016). Although this method
typically converges in fewer steps, it also tends to oscillate concerning the final solution
(Wood & Charles, 1972). To eliminate this issue, additional calculations which extend
the computation time, are needed.
Despite their many differences, these methods share the common disadvantage of
requiring excessive computational resources when applied to large networks. Because of
the limitations of these methods, ventilation analysis software constrains the size of the
networks the program can handle by capping the number of branches, fans and junctions
used to form a network (Schafrik & Ruckman, 2011; Wang & Saperstein, 1971). This
restriction on size forces users to alter their network using various techniques that can
result in an inaccurate representation of the original network.
However, this limitation on large networks can be abated by simplifying the
network. Resolving large sections of the network to equivalent resistances prevents these
methods from having an unreasonable computation time. Using this equivalent resistance
also eliminates the need to modify network simulations in a way that makes them
unrepresentative of the actual network.
2.4

Network Analysis of Mine Ventilation Circuits

There are many methods for analyzing mine ventilation systems. The primary
techniques used are computational fluid dynamics (CFD) and network analysis. CFD is a
numerical solution method used to solve complex fluid-flow problems (Wala et al.,
2007). CFD modeling is an accurate method of airflow analysis, but it can only be used
over short distances and is computationally expensive (Daniels et al., 2018). Setup,
computation and post-processing times can vary from a few hours to weeks, depending
on the problem complexity. CFD modeling is used in scenarios where a detailed
visualization of airflow patterns and pollutant transportation is desired.
Network analysis is used where an economic numerical approximation of airflow
quantity or pressure drop in branches is desired, and knowledge of the spatial distribution
of pressure and flow velocity are not necessary. Kirchhoff’s circuit laws are used to
enforce conservation of mass, while Atkinson’s resistance law is used to approximate the
pressure or energy loss. These computations can be fast for a small junction and branch
count. However, these solvers are often inefficient, or have difficulty converging, as the
mine network contains several thousand branches and junctions.
6

In practice, there are often discrepancies between the mine ventilation model and
the actual size and location of openings that have been created in the mine. Several
heuristic techniques for combining these openings into single ventilation model branches
and reducing junctions are typically employed (McPherson, 1993). In many mining
methods, it is possible to seal off large areas, so they are no longer ventilated. For the
network modeling software, this can cause a considerable reduction in the model.
However, sealing areas is not possible in all mining methods and has impacts on the
mining operation beyond ventilation modelling.
This paper presents a numerical method to increase the efficiency in solving for
the ventilation circuit. This method implements transformations like the ones used in
electrical circuits; however, they have been modified for compatibility with Atkinson’s
law (Harrison, 1990).
Atkinson’s law can be stated as
∆𝑃 = 𝑅𝑄 2

(1)

where ∆𝑃 is the change in pressure across the branch, 𝑄 is the volumetric air
flow, and 𝑅 is the characteristic resistance of the branch (McPherson, 1993). The square
term is the deviation from Ohm’s Law, used in electrical circuits, which is linear. This
non-linear governing equation causes complications in network analysis.
No complication is found in the simplest case, when two or more branches are
connected end-to-end, i.e. in series. The pressure drop is additive and flow is conserved.
∆𝑃 = ∑ ∆𝑃𝑖 = ∑ 𝑅𝑖 𝑄2 → 𝑅𝑒𝑞 = ∑ 𝑅𝑖
𝑖

𝑖

(2)

𝑖

This implies that the equivalent resistance of two or more branches in series is
additive, which is analogous to electrical resistance networks. However, complication is
found when two or more branches share the same end points, i.e. in parallel. The pressure
drop is conserved and flow is additive.
𝑄 = ∑ 𝑄𝑖 = ∑
𝑖

𝑖

√∆𝑃
√𝑅𝑖

→

1
√𝑅𝑒𝑞

=∑
𝑖

1
√𝑅𝑖

(3)

This implies that the equivalent resistance of two or more branches in parallel is
additive in an inverse square root sense, which deviates from electrical resistance
networks. The use of these simple closed-form expressions for equivalent resistance
transformations provides many opportunities to reduce the number of branches and
junctions in a ventilation network without changing the mathematical characteristics of
the network.
7

These equivalent resistance transformations cannot be directly applied to sections
of a network where three or more branches are connected to a single junction. However,
transformations can be performed by numerically solving a system of non-linear
equations that represent an equivalent and simpler system. The complexity of these
systems increases with the number of concurrent connections to a single junction. The
simplification process presented has no theoretical limit on the number of connections,
but it does have a practical limit of computing resources. The simplification process
produces and documents a sequence of equivalent networks, each of which has one fewer
junction than the previous iteration. This provides a means to audit each step of the
transformation and reconstruct the original network to calculate quantities of interest:
flow, pressure, etc.
Consider a section of a network comprised of three branches, Figure 2-1, each
with different resistances connected to a single common junction, also known as a “wye”.
This common junction is superfluous, so long as flow can occur between each of the
exterior junctions in a manner that does not change the characteristics of the rest of the
network. This equivalent configuration, also known as a “delta”, which has one fewer
junction and the same number of branches, can be determined by solving a system of
non-linear equations using the same series and parallel equivalent resistance laws
discussed above.

J3
R34
J4
R14

R24

J3

R13
J1

J1

J2

R23
R12

J2

Figure 2-1 Equivalent Wye and Delta Networks
To create an equivalent circuit, each pair of junctions on the boundary of the
original circuit must be connected by a “synthetic” branch with a resistance that preserves
the mathematical properties of the network. For three junctions, there are three unique
pairs, and therefore three synthetic branches. The resistance of these branches is
represented by the following system of equations:
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1
√𝑅12
1
√𝑅13
1
√𝑅23

+

+

+

1
√𝑅13 + 𝑅23
1
√𝑅12 + 𝑅23
1
√𝑅12 + 𝑅13

=

=

=

1
√𝑅14 + 𝑅24
1
√𝑅14 + 𝑅34
1
√𝑅24 + 𝑅34

(4)

(5)

(6)

where 𝑅14 , 𝑅24 and 𝑅34 are the known resistances of the original branches
sharing a common junction, 𝐽4 . 𝑅12 , 𝑅13 and 𝑅23 are the unknown equivalent resistances
of the simplified network.
While it is not known whether these equivalent resistances can be determined
through a closed-form expression, i.e. representable by elementary algebraic operations,
this system can be solved numerically. One application of this transformation, analogous
to the Wye-Delta transformation for electrical resistance networks, decreases the number
of junctions in the network by one (Akers, 1960).
Generalizations of this concept to greater numbers of branches connected to a
common junction are possible, referred to as “n-Star-Mesh” transformations. For n
𝑛
𝑛(𝑛−1)
branches that share a common junction, there are ( ) = 2 pairs of exterior junctions
2
𝑛
and branches that form the equivalent network, where ( ) refers to the binomial
𝑚
coefficient. While transformations with 𝑛 > 3 also reduce the number of junctions in the
𝑛
𝑛(𝑛−3)
network by one, there is a net increase of branches: ( ) − 𝑛 = 2 . In practice, this
2
increase is temporary. These simplifications, applied iteratively, tend to expose
configurations amenable to wye-delta, series and/or parallel simplifications that were
previously not possible, thus providing a means to reduce the number of branches in the
network.

Cross

Mesh

Figure 2-2 Equivalent 4-Star (Cross) and Mesh Networks
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Consider the star-mesh transformation shown in Figure 2-2. The system of
equations for this network is more complex than the wye-delta transformation. For
4
example, one equation that represents the 𝑛 = 4 system (of which there are ( ) = 6
2
equations and equivalent resistances in total) is:
1
√𝑅12

+

1
√𝑅13 + 𝑅23

+

1
√𝑅14 + 𝑅24

+

1
√𝑅13 + 𝑅34 + 𝑅24

+

1
√𝑅14 + 𝑅34 + 𝑅23

=

1
√𝑅14 + 𝑅24

Complicated mine networks can be quickly solved using existing tools. Further
development and application of these techniques could increase the capability of network
modelling software, allowing much more complex networks to be investigated and solved
quickly. Mine ventilation networks are not the only networks that are modelled with
similar resistance laws. For example, pipe networks can similarly benefit from reductions
in network complexity.
2.5

Challenges in Computer Implementation

Branch resistance in a mine varies widely. Some branches might have a very low
resistance value. Ventilation controls, such as stoppings, have some of the highest
resistances in a mine ventilation circuit because they should seal but often leak. The great
discrepancy of these resistance values, which may vary by multiple orders of magnitude,
frequently exceeds the limitations of double-precision floating point (double) arithmetic.
In solving these networks, square and square root operations further challenge the storage
of doubles. These calculations may lead to incorrect and unpredictable behavior in
calculation routines (Ajayi et al., 2019; Oswald et al., 2008). This issue can be overcome
by using software-implemented arbitrary precision data types. One such implementation
is the GNU Multiple Precision Floating-Point Reliable Library (MPFR) (Fousse et al.,
2007). In this research, MPFR floating point data types were used with a 128-bit mantissa
(approximately 38 decimal digits), as compared to the 53-bit mantissa (approximately 16
decimal digits) of a 64 bit or “double” IEEE 754 floating point data type (“IEEE Standard
for Floating-Point Arithmetic,” 2019). The solution to the general n-Star-Mesh system
was carried out using gradient-based optimization methods, including the NewtonRaphson and Levenberg-Marquardt algorithms. However, any non-linear optimization or
root-finding algorithm is potentially viable for this problem.
Computer code has been developed to traverse and recursively simplify the
network. The algorithm works in the following manner:
1. Set user-selected junctions and branches, such as fans or areas of interest,
as invalid, so that they are not removed from the network. Set all other
junctions and branches as valid. Set 𝑛𝑚𝑎𝑥 to a positive integer, referring to
the maximum permissible n-Star-Mesh simplification.
2. Set n = 2.
10

3. Simplify all parallel branches in network.
4. Search network for a valid junction with n valid branches and no invalid
branches.
a. If candidate junction found, attempt the n-Star-Mesh
simplification.
i. If successful (convergence criteria met), remove interior
junction and connected branches, add new valid synthetic
branches.
Go to 2.
ii. Else, set interior junction as invalid.
Go to 4.
b. Else, n = n + 1
i. If 𝑛 ≥ 𝑛𝑚𝑎𝑥 , quit.
ii. Else, go to 4.
This algorithm was designed to exploit the simplest transformations available
whenever possible, as the higher order n-Star-Mesh operations require more
computational resources and are more likely to exhibit convergence issues, even with
high-precision data types. A Mathematica script is provided for the convenience of the
reader to demonstrate the feasibility of the concept and the necessity of using arbitrary
precision arithmetic. A demonstration is shown in Appendix 1.
2.6

Application to Theoretical Mine Ventilation Models

The network simplification algorithm has been applied to theoretical mine
ventilation models to verify effectiveness. Each theoretical model is capable of being
hand-solved using approaches such as the Hardy-Cross method. The first model consists
of 7 branches connected to atmosphere by one intake shaft and one exhaust shaft, as
shown in Figure 2-3. The associated quantity and pressure are shown above and below
each branch, respectively. Each branch in the base model was assigned a resistance of 1
P.U. and an area of 0.929 m2. An air density of 1.2 kg/m3, average fan efficiency of 65%,
and a 0.04 $/kW⋅h cost of power was used in all models.
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Figure 2-3 Synthetic Model – Base Model
Figure 2-4 through Figure 2-9 show the resultant network at each iteration of the
simplification algorithm described above. Original junction numbers are maintained in
these figures where they remain in the model. As synthetic junctions and branches are
created, they are not numbered. The shafts to the atmosphere and the branch containing
the fan are excluded from the reduction. In this simulation, a Jeffrey 8HU60 Aerodyne
Fan with a blade setting of 6B-7S was used. The fan curve is presented in Table 2-1.
Table 2-1 Jeffrey 8HU60 Aerodyne Fan Curve – Blade Setting 6B-7S
Quantity (m3/s)
18.88
23.60
28.32
33.04
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Pressure
(Pa)
1195.2
1045.8
821.7
473.1

Efficiency
(%)
68
75
80
70

Figure 2-4 Synthetic Model – Step 1

Figure 2-5 Synthetic Model – Step 2

Figure 2-6 Synthetic Model – Step 3
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Figure 2-7 Synthetic Model – Step 4

Figure 2-8 Synthetic Model – Step 5

Figure 2-9 Synthetic Model – Step 6
To verify the results of the network simplification, the fan operating points for
each step were calculated using SRK’s VNet Ventilation Network Simulator. The
14

simplification method is intended as a compliment to any ventilation modeling software.
VNet is used in these examples because of its ability to import and export the model data.
Results are show in Table 2-2. The values for the Quantity Error assume that the fan
quantity for the base case are the correct values, and have no error. Any change in the
calculated quantity would cause a change in error. Similarly, for the fan power
consumption, this value is calculated.
Table 2-2 Synthetic Model – Fan Operating Points
Fan
Pressure
(Pa)
1120.5
1120.5
1120.5
1120.5
1120.5
1120.5
1120.5
1120.5

Step
Base
1
2
3
4
5
6
7

Fan
Quantity
(m3/s)
21.24
21.24
21.24
21.24
21.24
21.24
21.24
21.24

Quantity
Error
0.00%
0.00%
0.00%
0.00%
0.00%
0.00%
0.00%
0.00%

Input
Power
(kW)
34.96
34.96
34.96
34.96
34.96
34.96
34.96
34.96

Power
Error

Operating Cost
($/yr)

0.00%
0.00%
0.00%
0.00%
0.00%
0.00%
0.00%
0.00%

12,832
12,832
12,832
12,832
12,832
12,832
12,832
12,832

This network was simple enough to demonstrate and test the proposed
methodology. An expanded model was tested that retains the design concept, increasing
the size and complexity. The original expanded model, an intermediate step, and its final
step are shown in Figure 2-10 through Figure 2-12.
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Figure 2-10 Expanded Synthetic Model – Base Model

Figure 2-11 Expanded Synthetic Model – Step 20
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Figure 2-12 Expanded Synthetic Model – Step 39
The fan and blade setting from the original synthetic model were also used for the
expanded synthetic model. All values for the fan curve are shown above in Table 2-1.
The fan operating points for the expanded synthetic model are shown below in Table 2-3.
Table 2-3 Expanded Synthetic Model – Fan Operating Points
Fan
Pressure
(Pa)
1149.88
1152.12
1153.62

Step
Base
20
39

Fan
Quantitiy
(m3/s)
20.31
20.24
20.19

Quantity
Error
0.00%
-0.35%
-0.56%

Input
Power
(kW)
34.30
34.25
34.22

Power Error

Operating
Cost ($/yr)

0.00%
-0.15%
-0.24%

12,592
12,573
12,563

The expanded synthetic model was large enough to begin showing deviations in
results, as demonstrated in the error calculations. It was not a complex enough model to
be analogous to practical mine ventilation models. The portion of the network
representing the underground works were repeated, flipped and connected in series to the
expanded synthetic model to add more complexity.
The base model, an intermediate step, and a final step of the fully expanded
synthetic model are shown below in Figure 2-13 through Figure 2-15.
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Figure 2-13 Fully Expanded Synthetic Model – Base Model
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Figure 2-14 Fully Expanded Synthetic Model – Step 40

Figure 2-15 Fully Expanded Synthetic Model – Step 80
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The Jeffrey 8HU117 Aerodyne fan with blade setting 3B-4S was used for the
fully-expanded synthetic model. The fan curve used is shown below in Table 2-4.
Table 2-4 Jeffrey 8HU117 Aerodyne Fan – Blade Setting 3B-4S
Quantity
(m3/s)
14.16
23.60
47.19
70.79

Pressure
(Pa)
1120.5
1120.5
921.3
672.3

Efficiency
18%
29%
51%
60%

The fan operating points for the base, intermediate, and final steps of the fully
expanded synthetic model are shown below in Table 2-5.
Table 2-5 Fully Expanded Synthetic Model – Fan Operating Points
Step

Fan
Pressure
(Pa)

Fan
Quantity
(m3/s)

Quantity
Error

Input
Power
(kW)

Power
Error

Operating
Cost ($/yr)

Base
40
80

1120.50
1120.50
1120.50

15.85
15.78
15.71

0.00%
-0.42%
-0.86%

98.05
97.64
97.20

0.00%
-0.42%
-0.86%

9,576
9,536
9,493

Results from this model show that with the additional complexity, more deviation
in the simplified network will appear in the system, but it does not deviate more than 1%
from the original model’s values.
2.7

Application to Simple Mine Model

A simple, but more realistic mine model was also used to test the simplification
methodology. The model used contained fixed quantities, which represented the intake
via the neutral shaft, leakages and desired quantities across the bleeders. These fixedquantity branches are untouched by the simplification methodology. They represent
target values in this model. It is common that mine ventilation modelers will use these
quantities to force the ventilation solver to find a different numerical solution. The
portion of the mine containing the shafts and the bleeders are also left untouched, leaving
only the active face to be simplified. The base and final steps of the mine model are
shown below in Figure 2-16 and Figure 2-17, respectively.
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Figure 2-16 Simple Mine Model – Base Step

Figure 2-17 Simple Mine Model – Step 11
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The Jeffrey 8HU72 Aerodyne fan with blade setting 1B-1S was used in all steps
of the mine model. The fan curve used, as well as the fan operating points for the base
model and final step, are shown below in Table 2-6 and Table 2-7:
Table 2-6 Jeffrey 8HU72 Aerodyne Fan – Blade Setting 1B-1S
Quantity
(m3/s)
28.32
33.04
37.76
42.48
47.19
49.55

Pressure (Pa)
1020.90
971.10
821.70
697.20
448.20
348.60

Efficiency
(%)
70
77
80
82
80
75

Table 2-7 Simple Mine Model – Fan Operating Points

Base

Fan
Pressure
(Pa)
471.86

Fan
Quantity
(m3/s)
46.75
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462.89

46.92

Step

0.00%

Input
Power
(kW)
26.91

0.36%

26.49

Quantity
Error

Power Error

Operating
Cost ($/yr)

0.00%

24,160

-1.55%

23,787

This realistic mine model shows more variation in the results from the base case
to the fully simplified step than the synthetic model. In the realistic mine model, the raw
quantity difference in the fan is nearly 400 cfm, which is the amount of air moved by a
medium-sized residential bathroom fan and half a horsepower for this particular fan’s
settings.
2.8

Conclusions

A ventilation network simplification methodology was developed and applied in
multiple test scenarios to determine if the simplified networks is equivalent to larger
ventilation networks. The methodology was derived using techniques similar to those in
electric circuits; however, these are complicated by the non-linear equations of flow in
fluid networks. A demonstration of the technique is presented in detail for wye-delta
simplifications, with a worked problem in Appendix 1 and a Mathematica workbook.
The mathematics of the wye-delta simplification are generalized for an n-StarMesh simplification, which is incorporated into a simplification algorithm. This
simplification algorithm is an iterative process that looks for series and parallel
simplifications in the network, and then for n-Star-Mesh structures to simplify. When
simplifications are made in the network, the entire network is again searched in ascending
order of complexity until no further simplifications can be found. This simplification
process is done in single steps, where the model is re-evaluated after each
simplification. The changes made to the model are tracked, and they are reversible using
Kirchhoff’s laws. This process will be discussed in future work.
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The initial, base case networks, as well as the simplified networks, were solved
using commercially available ventilation network software. Fan operating points were
used to gauge the simplified network’s accuracy by assuming that the base case’s
calculations are correct and calculating the ratio of those values against the base case.
Several synthetic and hand-solvable mine ventilation models were created to test
and demonstrate the simplification process. In each synthetic model, the fan operating
point values had little variation between the base case and the fully simplified model.
A realistic mine model was also tested with the simplification routine, which
shows constraints on the simplification process that are present in mine ventilation
models. For this model, only one section of the mine was simplified instead of the whole
network. In this case, the fan operating point values also showed little variation. The
scale of this variation is well within acceptable variations that are introduced by
measurement errors and estimations. Further, these errors could be the result of the use of
double precision numbers within commercial software.
These results show that by simplifying these networks, the efficiency of solving
ventilation networks can be reduced due to a lower number of branches in the model. In
addition to reducing the computation time of the solver, simplifying the ventilation
network reduces the importance of the limitations of the software’s solving method.
2.9

Future Work

To further test the algorithm, it needs to be applied to working mine ventilation
models with hundreds of pathways and multiple fans. In addition to solving more
complicated networks, the limits of the simplification methodology must also be
identified. This is done by finding the maximum number of branches that can be reduced,
before rounding errors in the solver produce results that are inconsistent with the base
model.
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CHAPTER 3. AN ALTERNATIVE TO PARALLEL FACTOR
3.1

Credit Authorship Contribution Statement

Caitlin V. Strong: Model Creation and Analysis, Writing – original draft. Steven
Schafrik: Conceptualization, Resources, Supervision, Writing – review and editing. Charles
Schlosser: Conceptualization and development.
3.2

Abstract

Underground coal mines contain a series of stoppings that prevent intake air from mixing
with neutral and return air. Each stopping allows some amount of leakage between entries. These
leakages vary in magnitude and are often estimated. In mines with repetitive designs, these
leakages are often represented by a single branch with a parallel factor applied. The parallel
factor allows users to simplify ventilation models by using one branch to represent multiple
stoppings. In small cases, parallel factor is an accurate way to simplify a ventilation network. As
network size increases, the accuracy of this method is reduced and can vary widely depending on
how it is used. A previously developed simplification algorithm was tested as an alternative to
parallel factor. Simplifying the model results in a smaller network, with noticeable changes to the
fan operating point. Combining the techniques provides the smallest network, and a fan
operating point that is more accurate than using the algorithm alone, but it is slightly less
accurate than using only parallel factor. Analysis of the difference between these methods
suggests that the gradient of the fan operating curve affects the result and should be considered
when defining the convergence criteria of the algorithm.

3.3

Introduction

Underground coal mines possess stoppings that direct airflow in the desired direction and
prevent intake air from mixing with neutral or return air. These stoppings are not perfect, and as
a result, they allow variable amounts of air to flow from one entry to another. The air that fails to
make it to its intended destination is called a leakage. These leakages can be used to determine
the resistance of a single stopping, or they can be measured over several stoppings so that an
average resistance per stopping can be calculated. As the mine expands, more stoppings are
installed, and the number of potential leakage paths increases.
There is also a pressure differential across each stopping. The former United States
Bureau of Mines (USBM) method applies the leakage and pressure drop to the Square Law to
calculate the resistance of the individual stopping (Weiss et al., 1993). Mine Ventilation
Services, Inc. (MVS), now a part of SRK Consulting, developed the method for determining
average stopping resistance. The leakage and pressure drop measurements are recorded, but they
are instead taken over multiple stoppings rather than an individual stopping. The resistance to
leakage calculated in the Square Law is used, along with the number of total stoppings, to
calculate the average resistance of a single stopping (Oswald et al., 2008).
24

Mine resistance is also affected by the roughness of the airway. The friction factor
represents the pressure losses caused by the friction between the walls of the mine and the
airstream, and it is determined by the roughness of the mine entry. The majority of pressure
losses in ventilation systems are caused by friction losses in straight sections of the mine with
relatively consistent areas (Ramani, 1973).
In past modeling of ventilation networks, leakages were either ignored or incorporated
into the model with educated guesses (Ramani, 1973). Later work by MVS engineers has
improved this practice by providing an extensive collection of measured friction factors.
Although there is less guesswork used is the quantification of leakages, assumptions are still
made when modeling mines with repetitive designs, such as coal mines. Parallel factors are
commonly used to simplify ventilation models by expanding the resistance of a stopping to
represent multiple stoppings (Oswald et al., 2008). This method of simplification assumes that all
stoppings represented by the parallel factor have the same resistance. Previous work in Chapter 1
shows that a simplification algorithm can be used to reduce ventilation networks into smaller
equivalent networks. Simplifying the network using this algorithm eliminates the risk of
inaccurately representing the network by altering it with techniques such as parallel factor.
Including the actual resistance of each stopping and then simplifying it may produce results that
are equivalent or more accurate than those found when using parallel factor.

3.4

Verification of Parallel Factor and Simplification

To ensure the accuracy of the parallel factor technique, an example from Prosser’s work
on coal mine stopping resistances was replicated. The network tested and shown in Figure 3-1
and Figure 3-2 consists of two entries, ten stoppings and two connections to the surface. It was
then compared against a similar model, shown in Figure 3-3 and Figure 3-4, which replaced the
ten stoppings with a single stopping and a parallel factor of 10. Then, the simplification
algorithm was applied to the original model with ten stoppings. Figure 3-5 shows the final step
produced by the algorithm. The quantity and pressure drop associated with each branch in the
model are shown in black and red, respectively. In each model, a Joy Series 2000 Model 34-211770 Axivane Fan with a blade setting of 3 was used. The fan curve is shown in Table 3-2. An
air density of 1.2 kg/m3, an average fan efficiency of 65%, and a 0.04 $/kW⋅h cost of power were
used in all models.
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Figure 3-1 Ten Stopping Model – Side View
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Figure 3-2 Ten Stopping Model – Plan View
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Figure 3-3 Ten Stopping Parallel Factor Model – Side View
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Figure 3-4 Ten Stopping Parallel Factor Model – Plan View
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Figure 3-5 Ten Stopping Simplified Model – Final Step
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Table 3-1 Joy Series 2000 Model 32-21-1770 Fan Curve – Blade Setting 3
Quantity
Pressure
Efficiency
(m3/s)
(Pa)
(%)
10.38
11.33
12.27
13.21
14.16
14.19

1344.6
1182.75
971.1
647.4
249
186.75

73
73
68
50
50
0

The fan operating point, calculated using SRK’s VNet Ventilation Network Simulator, is
used to verify the results of simplification using a parallel factor. VNet is used in all examples
because of its ability to import and export the model data. The results are shown in Table 3-3.
Table 3-2 Fan Operating Points
Fan
Fan
Model
Pressure Quantity
(Pa)
(m3/s)
Base
225.843
14.17
Parallel Factor 225.843
14.17
52
225.843
14.17

Quantity
Error
0.00%
0.00%
0.00%

Input
Power
(kW)
6.47
6.47
6.47

Power Error

Operating
Cost ($/yr)

0.00%
0.00%
0.00%

1,725
1,725
1,726

The fan operating points of all models are consistent, apart from a slight deviation in
operating cost between the base model and final step of the simplified model. This confirms that
both parallel factor and simplification are equivalent when used on a simple network. To further
test the algorithm, an expanded test network was created by increasing the number of entries and
crosscuts in the model. The original model, parallel factor model and final step from the program
are shown in Figure 3-6 through Figure 3-10.
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Figure 3-6 Expanded Ten Stopping Model – Side View
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Figure 3-7 Expanded Ten Stopping Model – Plan View
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Figure 3-8 Expanded Ten Stopping Parallel Factor Model – Side View
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Figure 3-9 Expanded Ten Stopping Parallel Factor Model – Plan View
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Figure 3-10 Expanded Ten Stopping Simplified Model – Final Step
The Howden 5400-VAX-2100 Fan with blade angle 12 was used for all expanded
models. The fan curve used, as well as the fan operating points for the original, parallel factor
and simplified models, are shown below in Table 3-3 and Table 3-4.
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Table 3-3 Howden 5400-VAX-2100 Fan Curve – Blade Angle 12
Quantity Pressure Efficiency
(m3/s)
(Pa)
(%)
13.03
298.8
77
13.64
273.9
77
14.21
249
76
14.82
199.2
72
15.39
174.3
67
16.00
149.4
60
16.57
99.6
48
17.18
49.8
29
17.51
24.9
15
Table 3-4 Expanded Ten Stopping Model – Fan Operating Points
Step
Base
Parallel
Factor
Simplified

Fan
Pressure
(Pa)

Fan
Quantity
(m3/s)

Quantity
Error

Input
Power
(kW)

Power Error

Operating
Cost ($/yr)

233.31

14.40

0.00%

4.42

0.00%

1812

233.56

14.40

0.00%

4.43

0.17%

1814

233.31

14.40

0.00%

4.42

0.00%

1812

In this expanded model, using a parallel factor results in a slight deviation from the
original fan operating point. However, simplifying the model produces a network with fewer
junctions and the same fan operating point as the base model. Although the algorithm provided
promising results, the final network still contains 196 branches and 46 junctions. For the
algorithm to produce a smaller final network, the model reduced with parallel factor was the
starting point for the algorithm. Using this technique results in the model, shown in Figure 3-11.
A comparison of the fan operating point for this model and the original model is shown in Table
3-5.
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Figure 3-11 Expanded Ten Stopping Parallel Factor and Solver Model
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Table 3-5 Expanded Ten Stopping Parallel Factor + Simplification Model – Fan Operating Points
Step

Fan Pressure
(Pa)

Base

233.31

Fan
Quantity
(m3/s)
14.40

Parallel Factor
and Simplification

233.81

14.39

0.00%

Input
Power
(kW)
4.42

-0.07%

4.43

Quantity
Error

Power Error

Operating
Cost ($/yr)

0.00%

1812

0.17%

1814

Although this combination of using parallel factor and the algorithm results in the
smallest possible network, it shows a slight variation in quantity from the base case when
compared to using only parallel factor or the simplifier. In this model, the quantity difference is
20 cfm, which is less than the amount of air moved by a personal-computer fan, which is less
than half a horsepower at this fan’s settings. This deviation is likely due to the algorithm starting
with a model that had already diverged from the base model.
3.5

Application to Mine Model

A more realistic mine model with increased size and complexity was also used to test the
limits of the algorithm. This model, shown in Figure 3-12, resembles the layout of a coal mine
that consists of two fans and several surface connections. Branches inside the red border were
excluded from simplification and left untouched. Figure 3-13 through Figure 3-15 show the
model after being reduced using parallel factor, simplification, and a combination of the two
methods.
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Figure 3-12 Mine Model – Base Model
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Figure 3-13 Mine Model – Parallel Factor
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Figure 3-14 Mine Model – Simplified
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Figure 3-15 Mine Model – Parallel Factor and Simplification
Each model was compared using the fan operating point. The fan curve used is shown
below in Table 3-7.
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Table 3-6 Fan Curve
Quantity Pressure Efficiency
(m3/s)
(Pa)
(%)
224.1
58
41.58
199.2
65
49.74
161.85
72
57.86
130.725
72
66.03
74.7
69
74.19
The operating points at each fan for the base, parallel factor, and simplified models are
shown below in Table 3-7 and Table 3-8.
Table 3-7 – Fan 1 Operating Points
Step

Fan
Pressure
(Pa)

Fan
Quantity
(m3/s)

Quantity
Error

Input
Power
(kW)

Power Error

Operating
Cost ($/yr)

Base
Parallel Factor
Simplified

132.47
132.72
150.65

65.56
65.51
60.78

0.00%
-0.08%
-7.29%

12.06
12.07
12.71

0.00%
0.12%
5.44%

4683
4688
4937

Parallel Factor
and
Simplification

139.44

63.76

-2.74%

12.35

2.41%

4795

Table 3-8 Fan 2 Operating Points
Step
Base
Parallel Factor
Simplified
Parallel Factor
and Simplification

Fan
Pressure
(Pa)
137.70
137.95
155.38

Fan
Quantity
(m3/s)
64.18
64.13
60.78

144.42

62.46

0.00%
-0.09%
-5.31%

Input
Power
(kW)
12.27
12.28
12.71

-2.69%

12.53

Quantity
Error

Power Error

Operating
Cost ($/yr)

0.00%
0.06%
3.58%

4766
4770
4991

2.07%

4864

Although simplifying the model gives the largest variation in fan operating point,
combining this method with parallel factor improves its accuracy. Using the algorithm as a
compliment to parallel factor also reduces the size of the network and the time needed to
compute the fan operating points. The base case was assumed to be the correct model and all
network reduction techniques were applied with the goal to maintain the base case operating
point. However, there is a notable amount of error associated with the simplification algorithm.
Previous sensitivity analysis of ventilation models shows that some parts of models have
increased potential for poor simulation results (Griffith & Stewart, 2019). Field tests should be
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used to validate models, but because this mine model’s values are not confirmed, there is no way
to determine if the base case is a poor simulation. Because the base case cannot be verified, the
simplified model cannot truly be assessed for conformity to the most correct case.
3.6

Conclusions

Parallel factor is shown to be an accurate way of reducing a network by representing
multiple parallel branches as one equivalent branch. This method assumes equal resistance for
each branch incorporated into the calculation, resulting in deviation from the original model,
which increases as more of the model is reduced. A ventilation network simplification algorithm
was used to simplify networks, while maintaining the original fan operating point.
Comparison of these techniques on small synthetic networks shows little to no difference
between the accuracy of parallel factor and the algorithm. However, as the network size
increases, the algorithm reaches a point where it cannot reduce the network to the absolute
minimum because it fails to converge. By reducing the original network with parallel factor, and
then simplifying the network, smaller networks are achieved with results comparable to that of
parallel factor and the algorithm alone. By using parallel factor and the algorithm as
compliments to each other, reduced but equivalent networks, which can be solved faster by the
ventilation software of choice, are produced.
The same is true when testing each method on a much larger mine network with multiple
fans and thousands of branches. Only the panels of this network were simplified, leaving all
surface connections, fans and mains untouched. Parallel factor provides an acceptable solution
with small amounts of deviation. Simplifying the network greatly reduces the number of
junctions, but it still contains slightly more than the parallel factor network. This method’s
accuracy is marginally lower. Combining the two techniques results in a network with the
smallest number of junctions and an error between either method when used alone.
The error accrued during the algorithm’s calculations is likely due to its convergence
criteria. Currently, the conditions for convergence are based solely upon the resistance. By
incorporating fan curves into these criteria, more accurate results may be achieved.
3.7

Future Work

Improvements to the algorithm can be made by optimizing the necessary precision and
convergence criteria. Other things to consider are reducing the computation time of the
algorithm. This algorithm also needs to be applied to real-life mine models to determine the best
use case for the model.
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CHAPTER 4. PRACTICAL APPLICATION OF NETWORK REVERSAL
4.1

Credit Authorship Contribution Statement

Caitlin V. Strong: Model Creation and Analysis, Writing – original draft. Steven
Schafrik: Conceptualization, Resources, Supervision, Writing – review and editing.
Charles Schlosser: Conceptualization and development. John Fox: Writing – review
and editing
4.2

Abstract

Ventilation network analysis is the process by which all quantities and pressure
drops across a branch are found. All methods of network analysis are based on
Kirchhoff’s current and voltage laws. This process is often facilitated by creating smaller
equivalent networks, with fewer elements to examine. A simplification algorithm allows
complex networks to be reduced to equivalent networks consisting of fewer branches and
junctions. This algorithm documents all steps in the process, making it reversible.
Demonstrations show the applicability of network reversal in practical situations.
Analysis of the results provides direction for future usage of the algorithm and its reversal
capabilities.
4.3

Introduction

Performing network analysis is a crucial part of understanding any interconnected
components with a quantity flowing through them. Most theory is based on circuits;
however, the general principals may be applied to any fluid network. The foundation for
network analysis is rooted in Kirchhoff’s circuit laws. In fact, the behavior of any
network is determined by Kirchhoff’s current and voltage laws. Kirchhoff’s current law
states that the current flowing into any junction, j, is equivalent to the current flowing out.
Kirchhoff’s voltage law states that the voltage changes around any closed loop must sum
to zero. In ventilation networks, the current and voltage laws remain true, with the
airflow quantity, Q, and pressure drop, ΔP, being substitutes for current and voltage,
respectively (McPherson, 1993).
Network analysis is often made easier by creating a smaller equivalent network
with fewer elements. This can be done by combining branches, a pathway through which
air flows, and then representing them as a single branch with an equivalent resistance. In
series circuits, two or more branches are connected end-to-end, as shown in Figure 4-1.
Branches in this configuration can be reduced and replaced with a single branch, with
equivalent resistance, by simply adding the resistances of each individual branch.
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Figure 4-1 Series Circuit Reduction
(7)

𝑅𝑒𝑞 = 𝑅1 + 𝑅2 . . . +𝑅𝑛

Parallel connections, shown in Figure 4-2, exist when two or more branches share
the same endpoints. They are reduced by replacing the parallel branches with a single
branch and an equivalent resistance, which is found using the following equation:

Figure 4-2 Parallel Circuit Reduction
1
√𝑅𝑒𝑞

=

1
√𝑅1

+

1
√𝑅2

...+

1
√𝑅𝑛

(8)

As shown in Chapter 1, more complicated reductions, called “n-Star-Mesh”
transformations, can also be performed. As the number of branches connected to one
junction increases, the number and complexity of the equations needed to solve for the
equivalent resistances of the simplified networks also increases. The simplification
algorithm presented in previous work provides a method of reducing these complex
networks. This simplification process is also reversible.

4.4

Methods of Reversibility

As the algorithm reduces the network, all intermediate steps are recorded. A file
containing all branches in the network and their resistances, along with another file
containing information about the junctions, can be used to input any given step into a
ventilation network solver. Because the simplifier reduces the network by determining
equivalent resistances, the resistances recorded in each step can be used to reverse the
network and determine the quantity associated with each branch. This can be done in
several ways.
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The first way is to reverse the network by identifying the transformation
implemented in the steps of interest. For a series reduction, the quantity in each branch is
equal, as the sum of quantities entering and exiting any junction must be zero.

𝑄1 = 𝑄2 = 𝑄3 = 𝑄

(9)

Expanding on Kirchhoff’s laws has led to other network analysis techniques, such
as the quantity divider. The quantity divider can be used to determine airflow quantity in
parallel branches (Bise, 2013).
𝑄𝑛 = 𝑄√

𝑅𝑒𝑞
𝑅𝑛

(10)

Where 𝑄𝑛 is the quantity of the branch before reduction, 𝑄 is the sum of the
quantities through the branches in parallel, 𝑅𝑛 is the resistance of the branch before
reduction, and 𝑅𝑒𝑞 is the equivalent resistance of the branches in parallel.
To demonstrate the concepts in Eqs (7), (9),and (10), a portion of the first
synthetic model from Chapter 2 will be reversed. Table 4-2 presents the known resistance
values between the 6th and final step, and the 5th step. 𝑄 is 21.24 m3/s in step 7 and step 6.
Figure 4-3 and Figure 4-4 show the 6th and 5th step, respectively.

Table 4-1 Known Resistance Values
Value
Resistance
(P.U.)
R1
0.5
R2
0.5
R3
0.795
Req
0.22
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Req
Figure 4-3 Synthetic Model - Step 7

R1

R3

R2

Figure 4-4 Synthetic Model - Step 6
First, the equivalent resistance R12 must be found using Eq. (7).
R12 = R1 + R2
After substituting in the known values for R1 and R2 , R12 is calculated.
R12 = 0.5 + 0.5
R12 = 1

49

Then, the quantity Q12 flowing through the branches associated with R12 can be
found using Eq. (10).
Req
Q12 = Q√
R12
Next, the known resistance and quantity values are substituted into the equation,
and Q12 is calculated.
0.22
Q12 = 21.24√
(0.5 + 0.5)

Q12 = 10.01
Because the branches associated with R1 and R2 are in series, Eq. (9) can be
applied.
Q1 = Q2 = 10.01
Eq. (10) can also be used to find the quantity in the other parallel branch by
substituting R3 into the denominator of the equation.
. 22
Q3 = 21.24√
. 795
Q3 = 11.23
The same process can be used to continue the reversal until a delta-wye
transformation, shown in Figure 4-5, occurs between steps 2 and 1. While reversing
series and parallel transformations by hand is done with little effort, reductions where
greater than 3 branches (𝑛 > 3) share a common node require more work.

J3
R34
J4
R14

R24

J3

R13
J1

J1

J2

R23
R12

Figure 4-5 Wye-delta Transformation
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J2

In previous work, the equations for a wye-delta transformation were given as
follows:
1
√𝑅12
1
√𝑅13
1
√𝑅23

+

+

+

1
√𝑅13 + 𝑅23
1
√𝑅12 + 𝑅23
1
√𝑅12 + 𝑅13

=

=

=

1
√𝑅14 + 𝑅24
1
√𝑅14 + 𝑅34
1
√𝑅24 + 𝑅34

To do the reverse delta-wye transformation, by hand, the associated equations
would need to be derived similarly to the ones listed above. The same applies to networks
with junctions that have 𝑛 > 3 branches, but the number and length of equations in the
system increases quickly.
An alternative to deriving these equations, and solving them by hand, is to use an
iterative method, such as Hardy-Cross or Newton-Raphson, which is equipped to solve
non-linear systems of equations and implemented in ventilation network software.
Because the resistances of all branches in each step are known, they can be input into a
ventilation network software and solved to obtain all desired quantities.
4.5

Practical Usage

Reversibility of the simplification is useful in various scenarios. In the following
situation, reversing of the steps will be shown in a practical manner. Consider a mine
with a portion that is unused and has no plans to be re-entered. The mine engineer
simplifies this unused portion, keeping the active parts of the mine untouched. Sometime
later, the mine has expanded, and the new sections have been added to the model. After
an economic evaluation, it has been determined that the simplified portion, which the
engineer had previously marked as impractical to continue mining, has become feasible
and is now economical to mine. As a result, the mine engineer wants to reverse the
simplification of this area in their model. Because the mine has been developed further
after simplifying this portion, the quantities associated with each airway have changed
but are unknown to the engineer. Since the algorithm outputs each intermediate step,
there is a way to find those quantities when the simplification is reversed. Assuming all
airway resistances remained constant, the model could be reversed by using the
resistances, and a known total quantity, to calculate all branch quantities in the
transitional networks.
A demonstration of this, using a ventilation network software to solve for the
quantities, is shown below in Figure 4-6 through Figure 4-8. Flowrates and pressure
drops are shown above and below each branch, respectively. An air density of 1.2 kg/m3,
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average fan efficiency of 65%, and a 0.04 $/kW⋅h cost of power were used in all models.
In this simulation, the fan curve presented in Table 4-2 was used.
Table 4-2 Fan Curve Data Points
Quantity
Pressure
Efficiency
3
(m /s)
(Pa)
(%)
18.88
1195.2
68
23.60
1045.8
75
28.32
821.7
80
33.04
473.1
70

Figure 4-6 Simplified Network Before New Development
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Figure 4-8 Simplified Section and New Development
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Figure 4-8 Fully Reversed Section and New Development
The new quantities associated with the re-evaluated section of the mine can be
seen in Figure 4-8. Variations on this scenario include only partially reversing the
simplified section, with the use of one of the intermediate steps, and obtaining the
adjusted quantities in a fashion similar to the scenario shown above.
The ability to reverse simplified ventilation networks is also beneficial when
using programs which limit the size of networks. This limitation occurs in software, such
as NIOSH’s MFIRE program (Laage et al., 1995). MFIRE is a computer simulation
program that performs ventilation network analysis and dynamic transient-state
simulation of ventilation networks under various conditions (Chang et al., 1990). If the
network is outside of MFIRE’s constraints, it can be reduced using the simplification
algorithm. The reduced network can then be used with MFIRE to determine the attributes
of critical junctions throughout the network by placing a fire in an untouched branch.
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Once this computation is complete, the network can be reversed to its original form.
Ideally, the area of the mine simplified would be one where knowing the exact location of
the contaminant is not crucial, such as old workings.
Alternatives to MFIRE include Ventsim’s VentFIRE and contaminant
simulations. Ventsim provides a visual approach to fire and contamination simulations as
opposed to MFIRE’s textual approach. MFIRE was selected for use with the
simplification algorithm because the data output from the algorithm is easy to import to
MFIRE. MFIRE’s output is also easy to obtain and comprehend, whereas Ventsim’s
import and output functions require a large amount of data manipulation before and after
use.
To demonstrate, Example 3 from MFIRE 4.0’s example files is used. The original
network of 49 branches and 34 junctions was simplified, leaving all fan branches, surface
connections, and fire-event branches untouched. The resulting network consisted of 40
branches and 20 junctions. Visual depictions of the network are not shown, due to
MFIRE not retaining X and Y coordinates for the junctions. A fire was then simulated in
both the original and simplified models. All default control cards and fires from the
example were used in both simulations. Junctions that contained critical conditions and
existed in both models were then compared. Critical conditions for this example are
defined as a methane (CH4) concentration greater than 0.05%, a fume concentration
greater than 0%, or a temperature of at least 35 °C. Tables displaying the status of critical
junctions are shown below in Table 4-3 through Table 4-8. Junctions are only displayed
for the first 900 seconds, as there is little to no variation in critical conditions after that
time.
Table 4-3 Original Model – Junction 3
Δt
CH4 %
Fumes %
Temp oF. (oC)
300
0
0
95 (35)
600
0
0
95 (35)
900
0
0
95 (35)
Table 4-4 Original Model – Junction 11
Δt
CH4 %
Fumes %
Temp oF. (oC)
300
N/A
N/A
N/A
600
0
1.05
106.4 (41.33)
900
0
1.13
109.3 (42.94)
Table 4-5 Original Model – Junction 12
Δt
CH4 %
Fumes %
Temp oF. (oC)
300
0
1.45
221 (105)
600
0
1.14
190.6 (88.1)
55

900

0

1.16

192.4 (89.1)

Table 4-6 Simplified Model - Junction 3
Δt
CH4 %
Fumes %
Temp oF. (oC)
300
0
0
95 (35)
600
0
0
95 (35)
900
0
0
95 (35)
Table 4-7 Simplified Model Junction 11
Δt
CH4 %
Fumes %
Temp oF. (oC)
300
N/A
N/A
N/A
600
0
0.26
98 (36.67)
900
0
0.24
91 (32.78)
Table 4-8 Simplified Model - Junction 12
Δt
CH4 %
Fumes %
Temp oF. (oC)
300
0
1.74
259.6 (126.44)
600
0
1.25
190.6 (99.44)
900
0
1.29
192.4 (101.39)
To compare the models, the percent difference in temperature for each junction, at
300, 600 and 900 seconds after the event, was calculated. These results are shown below
in Table 4-9 through Table 4-17.
Table 4-9 Junction 3 at 300s
Temp. oF (oC)
Original
95 (35)
Simplified
95 (35)
% Difference
0%
Table 4-10 Junction 3 at 600s
Temp. oF (oC)
Original
95 (35)
Simplified
95 (35)
% Difference
0%
Table 4-11 Junction 3 at 900s
Temp. oF (oC)
Original
95 (35)
Simplified
95 (35)
% Difference
0%
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Table 4-12 Junction 11 at 300s
Temp. oF (oC)
Original
N/A
Simplified
N/A
% Difference
N/A
Table 4-13 Junction 11 at 600s
Temp. oF (oC)
Original
109.3 (41.33)
Simplified
98 (36.67)
% Difference
11%
Table 4-14 Junction 11 at 900s
Temp. oF (oC)
Original
109.3 (42.94)
Simplified
91.00 (32.78)
% Difference
18%
Table 4-15 Junction 12 at 300s
Temp. oF (oC)
Original
221.00 (105.00)
Simplified
259.6 (126.44)
% Difference
16%
Table 4-16 Junction 12 at 600s
Temp. oF (oC)
Original
190.60 (88.11)
Simplified 211.00 (99.44)
% Difference
12%
Table 4-17 Junction 12 at 900s
Temp. oF (oC)
Original
192.40 (89.11)
Simplified 214.50 (101.39)
% Difference
11%
Although the temperature at junction 3 remains constant over the three intervals
being assessed, the percent difference for junctions 11 and 12 are above 10% at all time
intervals. This difference in temperatures is likely due to the reduction of multiple
airways into a synthetic airway with an equivalent resistance. Although the networks are
equivalent, the quantity flowing through the branches differs. This change in quantities
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results in the MFIRE simulation producing different critical condition values for
junctions existing in both models. It should be noted that the percent difference varies
greatly when the unit of measurement is changed from Fahrenheit, the default unit in
MFIRE’s example file, to Celsius, with Fahrenheit providing a lower percent difference
in all cases.
Despite the sizeable percent difference, this case shows that simplifying a network
to avoid breaching MFIRE’s size limit is a feasible solution. The critical state of
junctions is consistent between both models, providing reasonable insight as to which
areas of the mine are affected by the fire. To gain a better understanding of what areas of
the mine are affected and in what manner, the simplified model can be reversed. Once it
is reversed, the junctions existing in both the expanded network and the simplified
network can be compared. This can also be done with the critical airways. The
importance of each attribute can be assessed to help determine which portions of the mine
may require closer examination. Depending on how much users want to know about the
effect of the fire or contaminant in simplified areas of the mine, they can determine what
branches in the original network are incorporated into a synthetic branch and make
assumptions based on this information. The alternative is to simplify the original network
again and leave areas which contained critical airways in the simulation of the simplified
model untouched.
To demonstrate the method discussed above, a portion of the critical airways from
the 600 second time interval are compared below in Table 4-18 and Table 4-19. Except
for the addition of the head loss parameter, the criteria for critical airways is the same as
those for the critical junctions Airways may also be considered critical if there is a head
loss less than 2.48 Pa across the branch. Starting at Airway 40, each critical airway is
assigned a letter. The matching airways between models are compared, and their status is
recorded in Table 4-20.
Table 4-18 Original Model – MFIRE Critical Airway Exerpt
Junction Junction
CH4
Fumes Temperature
Line Airway
From
To
%
%
C.
A
40
25
1
0
0.5801
15.78
B
41
33
27
0
0
34.5
C
42
27
34
0
0
35
D
43
34
3
0
0
34.61
E
44
4
3
0
0
33.22
F
47
23
1
0
0.6918
15.44
G
48
1
33
0
0
29.33
H
I
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Head Loss
Pa
46.812
0
0
0
0
44.82
0

Table 4-19 Simplified Model – MFIRE Critical Airway Exerpt
Junction Junction
CH4
Fumes Temperature
Line Airway
From
To
%
%
C.
A
B
41
33
27
0
0
34.72
C
42
27
34
0
0
35
D
43
34
3
0
0
34.61
E
44
4
3
0
0
33.11
F
G
48
1
33
0
0
30.83
H
78
14
19
0
0
22.05
I
90
15
7
0
0
30.28

Head Loss
Pa
0
0
0
0
0
0.249
0.249

Table 4-20 Critical Airway Status
Line
Status
A
Only Exists in Original Network
B
Slight Change
C
Identical
D
Identical
E
Slight Change
F
Only Critical in Original Network
G
Slight Change
H Only Exists in Simplified Network
I
Only Exists in Simplified Network
Lines A and F represent airways 40 and 47, respectively. They are only present in
the original model. Their absence in the simplified model means that they have been
reduced and incorporated into a synthetic branch. Lines H and I, airways 78 and 90, only
exist in the simplified network, indicating that they are synthetic branches. Because they
are synthetic, it is known that they are comprised of at least two branches from the
original model. At this point, the user can determine if they need more exact location and
contaminant data on the portions of the mine represented by Airways 78 and 90. If that is
the case, the original model should be simplified again with the areas previously reduced
to airways 78 and 90 left untouched. The portions of the verbose logs containing the
information in the tables above are included in the Appendices for further viewing.
Simplifying networks is also useful for reducing MFIRE’s simulation time.
Simulating large networks often takes a large amount of time. By reducing the number of
airways and junctions, results can be achieved more quickly. The previous
recommendation on selectively simplifying portions of the mine also applies to this case.
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4.6

Conclusions

Ventilation networks can be reduced by using equations based on Kirchhoff’s
laws. Series and parallel circuits require only one equation to solve for the equivalent
resistance. More complex networks, consisting of wye-delta and other n-Star-Mesh
transformations, require large systems of equations to solve for equivalent resistances. A
previously tested simplification algorithm uses a generalized version of the wye-delta
simplification to accommodate more complex n-Star-Mesh structures.
Although reduction of networks is widely discussed, reversal of this
simplification is not well researched. The algorithm developed allows for reversibility by
documenting each transition between the original and fully-simplified network. The
reversal of the network can be done by hand using basic calculations for series and
parallel transformations. As the network is reversed, and complex structures with 3 or
more branches sharing a junction are exposed, these calculations become more taxing.
However, the desired quantities can be calculated using iterative techniques, such as
Hardy-Cross, which is implemented in most modern ventilation network solvers.
The ability to reverse simplified networks has a variety of practical uses. Two
cases are provided and demonstrated. The first scenario considers a mine that has
previously simplified a portion of its workings and further developed the original
workings. Later, there is a need to expand the reduced portion of the mine and obtain the
new quantities associated with the simplified branches due to expansion. Reversing the
simplification and solving the resulting network in a ventilation network solver provides
the new quantities for each branch in the mine.
The second scenario involves a ventilation network that is too large for a mine fire
simulations software. To be able to use the software, the network is simplified, leaving
the surface connections, fan branches and fire-starting location untouched. After
simulating the fire in the simplified network, the locations of the critical junctions and
airways can be compared to the original network to determine the locations affected by
the fire. To test the viability of this method, an MFIRE example file and its simplified
version were simulated. Analysis of the results show a noticeable difference between the
temperatures of the junctions existing in both models. This difference is attributed to the
number of branches attached to the junctions and their attributes.
Analysis of the critical airways and junctions can help determine the location and
intensity of the fire or contaminant. It is the user’s responsibility to determine whether
simplified areas of the model are significant and warrant more scrutiny. More exact
results may be achieved by increased selectivity when determining which branches may
be simplified.
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4.7

Future Work

The simplification algorithm will be further tested on more complex networks in
scenarios similar to those discussed above. Determining how to use the algorithm more
effectively in conjunction with software like MFIRE will also be addressed.
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CHAPTER 5. CONCLUSIONS AND FUTURE WORK
5.1

Conclusions

This work shows the evaluation of a ventilation network simplification
methodology. The purpose of the work was to determine if a simplified network is
equivalent to larger ventilation networks and to show where a ventilation professional
could use the simplified networks. The simplification methodology was derived using
non-linear equations fluid networks in a manner similar to simplifications in electric
circuits. The simplification algorithm generates a set of non-linear transformations and
uses a multi-precision numerical solver that is more precise than standard double
precision solvers. This simplification goes beyond the order 1, series or n=1, and order 2,
parallel or n=2, calculations that are commonly done. The simplification routine can
simplify n-Star-Mesh, where multiple branches are connected to a single junction. This
work investigated n=1 to n=8 in the simplification routine.
Chapter 2 shows the simplification algorithm tested on synthetic networks of
varying size and complexity. Results show little variation between the fan operating point
values of the base cases and the fully-simplified models. The fan operating point would
change if the total system resistance had changed between the expanded and simplified
networks. A small mine model, with constraints representative of those found in complex
mine models, was also tested. The fan operating point showed little variation in this case.
The scale of the variation is acceptable and could be attributed to measurement errors and
estimations, or the use of double-precision numbers in the network solver. These results
indicate that the algorithm is an alternative to heuristic simplification techniques.
The simplification method is compared to the use of parallel factors in Chapter 3.
Parallel factors are a commonly used simplification method, and it can be an accurate
way of reducing a network by representing multiple parallel branches as one equivalent
branch. Testing of several base networks, including synthetic networks and realistic
networks, were done.
There are many ways to use parallel factors when reducing a model. The approach
to simplification can be aggressive, or only small portions can be reduced, leaving most
of the model untouched. Heavy-handed applications of parallel factors have
consequences for the accuracy of the model. The fan operating point of a parallel factor
model deviates from the original model as more of the network is reduced. On small
synthetic networks, there is negligible difference between parallel factor and the
simplification algorithm. On larger networks, the simplification algorithm fails to
converge, resulting in a network that is smaller, but not the absolute minimum. The
absolute minimum number of branches in a network is the number of branches marked as
do not touch, the branches directly connect to them, and branches open to atmosphere. By
using parallel factor and the algorithm together, reduced networks that are similar in
accuracy to either method used alone can be produced. This also applies to larger mine
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networks with multiple fans and thousands of branches. Combining the two techniques
provides the smallest network with an error slightly greater than using parallel factor but
less than using the simplification algorithm alone. Testing also suggests that the
performance of the simplification method can be improved by considering the fan curve
when defining the convergence criteria.
As stated in Chapter 2, each transformation performed by the simplification
algorithm is documented and can be reversed to find the quantities associated with each
branch. For networks comprised of only series and parallel connections, this can be done
using analytical techniques. Complex networks require the use of a ventilation solver, due
to the complicated system of equations needed to solve for high order resistances. Two
practical use cases for reversal were demonstrated. A contaminant simulation software
shows consistency between original and simplified networks, allowing for rough
estimation of contaminant location after network reversal. For better insight into the
location and severity of contaminants, it is recommended to simplify the original network
with important areas left untouched.
The simplification algorithm shows promise as a network reduction technique. Its
routine can be replicated on any system and removes the inconsistencies introduced by
heuristic simplification methods. Further development of the algorithm could positively
affect miners’ health and safety by facilitating the implementation of simulation-heavy
techniques such as ventilation-on-demand. The ability to simplify complicated mine
models without misrepresenting the network also allows engineers to properly address
ventilation concerns that directly and significantly impact the wellbeing of miners. In
addition to influencing the health and safety of miners, using the algorithm could greatly
improve ventilation software user experience. Continuing to improve the algorithm based
on the evaluation in this work will benefit the welfare of miners as well as improve the
accuracy of network reduction and increase its applicability in network analysis.
5.2

Future Work

Conclusions drawn from this body of work highlight areas in which future
research would improve the simplification algorithm. The limits of the algorithm have
not yet been quantified. Further testing on larger synthetic and real mine models is
needed to determine the best uses for this tool. Once the limits have been determined, the
computation speed of the algorithm can be optimized. After further testing and
optimization, the algorithm can be implemented into commercial ventilation software to
ease computations and train VOD applications. Unused portions of the mine can be
simplified and the resulting model is small enough for a VOD controller to perform
analysis and change parameters to keep the network optimized. The algorithm can also be
adapted for use with pipe networks.
Currently, this method’s convergence criteria does not incorporate the data points
of the selected fan. Testing on larger networks alludes to the algorithm’s error being
linked to the slope of the fan curve near the original fan operating point. Further research
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should include incorporating the fan curve into the algorithm’s convergence criteria to
minimize the error.
In addition to exploring how this algorithm can be used with other software such
as MFIRE, determining how best to interpret the simplified network and apply this
information to the network once it is reversed would prove beneficial.
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APPENDICES
APPENDIX 1. PRECISION COMPARISON
To demonstrate, the following values have been assigned for the resistances of the
Wye in Eqs.(4), (5), and (6):
𝑅14 = 1 𝑥 10−3
𝑅24 = 1 𝑥 10−6
𝑅34 = 15461.12312
Using double-precision floating point, the following equivalent resistances of the
Delta are found.
𝑅12 = 1.715547667988669 𝑥 1010
𝑅13 = 15431.811174021806
𝑅23 = 1.0000144914714516 𝑥 106
When using multiple-precision floating-point, the equivalent resistances below
are found instead.
𝑅12 = 1.00000000001244505256706834686959829643498482 𝑥 106
𝑅13 = 15461.1241181014487487428433045384455177243
𝑅23 = 4.1014503054915153593711538794052388739754104 𝑥 1024
Once finding these equivalent resistances, they are then used along with the
values 𝑅14 , 𝑅24 , and 𝑅34 to calculate the error. The following errors were found when
using double-precision floating point.
−2.1684 𝑥 10−19
( 0.0000152692 )
0.0000152696
Completing the calculations using multiple-precision floating-point results in the
errors below.
9.8755494668 𝑥 10−13
( 9.87554 𝑥 10−13 )
0.
To follow along with this demonstration, the following Wolfram Mathematica
script may be used: https://www.wolframcloud.com/obj/7ff6d822-5f25-4a51-bd58b7acfaf81659. Any numbers may be substituted for the resistances. The errors displayed
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at the end of the script will show that using multiple-precision floating point results in
less error than using double-precision floating point.
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APPENDIX 2. MIFRE ORIGINAL MODEL – 600s CRITICAL AIRWAYS
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APPENDIX 3. MIFRE ORIGINAL MODEL – 600s CRITICAL JUNCTIONS
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APPENDIX 4. MIFRE SIMPLIFIED MODEL – 600s CRITICAL AIRWAYS
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APPENDIX 5. MIFRE SIMPLIFIED MODEL – 600s CRITICAL JUNCTIONS
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